We have explored a solvothermal method for synthesizing various metal oxides in alcohol or glycol media at temperatures around 300°C. This review summarizes our recent results on the solvothermal synthesis of metal-oxide nanoparticles and their catalytic and photoluminescence performances. We have described the principles of solvothermal processing by classifying solvothermal methods according to the type of solvent used as follows: alcohol, vicinal glycol and 1,4-butanediol. (1) Solvothermal reaction of metallic cerium in alcohol yields a colloidal solution containing CeO 2 nanoparticles, and the pore structure of the CeO 2 coagulate can be controlled by the choice of bases added to the colloidal solution. Furthermore, the solvothermally synthesized CeO 2 nanoparticles show good redox properties and an improved performance as a catalyst support in the selective oxidation of benzyl alcohol to benzaldehyde. (2) Solvothermal method in vicinal glycol produces an inorganicorganic composite, which is an effective precursor for the synthesis of metal-oxide nanoparticles. Nb 2 O 5 nanoparticles synthesized via a solvothermal reaction in ethylene glycol show high activities as photocatalysts for the selective oxidation of alcohol. (3) Solvothermal reactions in 1,4-butanediol can yield various mixed oxides directly. Mn-modified hexagonal YbFeO 3 synthesized by the solvothermal method has a higher catalytic activity for hydrocarbon combustion when compared to noble metal catalysts.
Introduction
Recently, the development of synthetic methods for metaloxide nanoparticles has shown remarkable progress in view of the great potential of nanosized materials to improve the physical and chemical properties of bulk materials. 1)4) Among the solution-based methods for the synthesis of metal-oxide nanoparticles such as coprecipitation or polymerized complex method, solvothermal methods have been actively studied. As shown in Fig. 1 , in the last ten years, there has been a dramatic increase in the number of pertinent papers listed, when the term "solvothermal" is searched in the Web of Science database.
The word "solvo-"includes different kinds of solvents such as water, ammonia, alkali solutions, alcohol, etc. Consequently, solvothermal method means a synthesis process using the reaction in a liquid (or supercritical) medium at high temperatures. 5 ), 6) Therefore, the hydrothermal method, which refers to the reaction in an aqueous solution at high temperatures, can be regarded as one type of solvothermal process. Most of the solvothermal methods so far reported carry out in an aqueous solution containing alcohol or glycol as solvent, and the use of pressure vessels (autoclaves) is imperative for the reaction to proceed at high temperatures and under high pressures. 7)10) Note that "the reaction at high temperature" described here is used in the sense that the solvent such as water or alcohol is heated to above its boiling point. We emphasize that the solvothermal method can be used to synthesize oxide nanoparticles at much lower temperatures when compared to typical synthetic methods which include a calcination process, such as coprecipitation method. 11), 12) Among the different solvothermal methods, our group has investigated the synthesis of metal oxides using a solvothermal method in an organic solvent. 6 potential for application as functional materials in various fields such as catalysis, or as phosphors.
In this context, this review summarizes our recent results on the catalytic and photoluminescence properties of metal oxides synthesized by the solvothermal method using organic solvents.
Experimental procedure
We often use 2-methoxyethanol, ethylene glycol, 1,2-propanediol or 1,4-butanediol as organic solvent. Metal precursors such as acetate or alkoxide (1050 mmol) were suspended in 70120 ml of the solvent in a glass test tube that served as an autoclave liner. The test tube was placed in a 200-or 300-ml stainless steel autoclave. The solvent (2040 ml) was placed in the gap between the autoclave wall and test tube. The autoclave was completely purged with nitrogen, heated to 250315°C with a heating rate of 2.3°C/min and maintained at this temperature for 2 h. After the reaction, the assembly was rapidly cooled to room temperature and the resulting product was collected by centrifugation. The powder was washed with methanol by vigorous mixing and centrifuging followed by drying in air.
Solvothermal reaction in alcohol
The hydrothermal oxidation of metals has been widely studied as a synthetic route for metal oxides. 15) , 16) On the other hand, there are few reports on the synthesis of metal oxides by the solvothermal oxidation of metals in alcohols. In our previous work, a transparent colloidal solution containing ultrafine CeO 2 nanoparticles (2 nm) can be directly obtained by the solvothermal reaction of Ce metal with a superficial layers of oxide in 2-methoxyethanol at 200300°C. 17),18) A possible mechanism for this reaction has been proposed as follows: usually, Ce metal is easily oxidized by air or alcohol. However, the existence of the superficial oxide layer containing Ce metal, which is essential for the formation of the colloidal solution, restricts the oxidation. As soon as the superficial layer is dissolved at a high temperature, the reaction of Ce metal with alcohol proceeds rapidly to yield cerium alkoxide and hydrogen.
A high concentration of the alkoxide brings about a burst of CeO 2 nuclei, resulting in the formation of the CeO 2 colloidal particles.
CeO 2 is an important catalyst support material for various catalytic reactions; 19)21) however, the handling of CeO 2 colloidal nanoparticles synthesized by the solvothermal method is very difficult. A high-surface-area CeO 2 (183 m 2 g
¹1
) is obtained by coagulating the colloidal particles of CeO 2 by adding aqueous ammonia solution, but the surface area of CeO 2 drastically decreases upon calcination even at relatively low temperatures. 22) In fact, the sample calcined at 600°C shows a low surface area of 2.7 m 2 /g and a large crystallite size of 21 nm. One of the reasons for the surface area reduction is that CeO 2 colloidal particles having high surface energy are strongly coagulated during the addition of aqueous ammonia. Hence, we have investigated ways to control the coagulation state of CeO 2 colloidal solution synthesized by the solvothermal method.
CeO 2 colloidal particles obtained by the solvothermal method at 250°C were coagulated with 1 mol/L solutions of various bases: NaOH, Na 2 CO 3 and NaHCO 3 . After calcination at 300°C of the coagulated products, the CeO 2 powders so-obtained had almost the same crystallite sizes (45 nm), while their BET surface areas varied considerably in the range from 61122 m 2 /g.
23)
The CeO 2 powders coagulated with Na 2 CO 3 had low surface areas (61 m 2 g ¹1 ), with a pore structure consisting only of micropores without meso-or macropores (Fig. 2) . On the other hand, the N 2 isotherm of the powder coagulated with NaHCO 3 (75 m 2 g
¹1
) indicated the presence of macropores with large pore volumes. The powder coagulated with NaOH solution had the highest surface area (122 m 2 g ¹1 ), and showed the presence of mesopores. Interestingly, the mesopore volumes are increased by increasing the concentration of the NaOH solution from 1 to 10 M. 24) CeO 2 generally dissolves in acid solutions in the presence of H 2 O 2 (a reducing agent), and is practically insoluble in alkaline solutions. However, the presence of significant amounts of Ce ion remaining in the supernatant after coagulation of the CeO 2 colloid with NaOH solutions reveal that the surfaces of CeO 2 particles are partially dissolved by the NaOH solution. The high surface energy of the CeO 2 colloidal particles probably causes the dissolution of CeO 2 , resulting in an increase in mesopore volume. These results demonstrate that the pore structure of CeO 2 can be controlled by the nature and concentration of the base added to the colloidal solution.
When the performance of the solvothermally synthesized CeO 2 as a catalyst support was evaluated by selective oxidation from benzyl alcohol to benzaldehyde, the Ru/CeO 2 catalyst prepared from the CeO 2 colloids exhibited a higher activity than the catalyst prepared from an aqueous solution of Ce(NO 3 ) 3 (Fig. 3) . 25) Results of the H 2 temperature-programmed reduction analysis show that CeO 2 prepared from the CeO 2 colloid is shown to have higher redox properties than that prepared from Ce(NO 3 ) 3 . These results allow us to conclude that the high oxygen mobility in CeO 2 synthesized by the solvothermal method leads to the improved oxidation characteristic of Ru/CeO 2 .
Solvothermal method in vicinal glycols
The solvothermal reaction of rare earth acetate hydrates [RE(OAc) 3 2 CO 3 ) . Surprisingly, the products obtained with ethylene glycol decompose directly to RE oxides at around 400°C without the formation of this RE carbonate oxide phase.
27) The observed low-temperature thermal decomposition to RE oxide in the case of ethylene glycol has been explained as follows; the presence of glycol moieties in the product enables the acetate groups to form volatile esters and inhibits the formation of carbonates. Taking advantage of the effect on the thermal decomposition behavior, inorganicorganic composites prepared by the solvothermal method in vicinal glycol must be effective precursors for synthesis of metal-oxide nanoparticles. Actually, Y 2 O 3 nano-hollow particles with a high surface area (280 m 2 /g) can be synthesized from a precursor obtained by the solvothermal reaction in 1,2-propanediol. 28 ) Using a similar synthesis route, we have recently reported that Nb 2 O 5 nanoparticles with high surface area can be synthesized via a solvothermal reaction in ethylene glycol, and that the Nb 2 O 5 powder thus-obtained exhibits a high catalytic activity as a photocatalyst for the selective oxidation of alcohols. 29) Specifically, the solvothermal reaction of niobium ethoxide yielded a layered niobium compound with intercalating ethylene glycol moieties, and this product was composed of nano-plate like particles of ³50 nm width and ³200 nm length (Fig. 4) . This niobium compound was completely transformed to Nb 2 O 5 nanoparticle having plate-like morphology at 350°C with maintaining the morphology of the nanocrystalline layered niobium precursor. These Nb 2 O 5 nano-plate-like particles showed a much higher surface area than that from Nb 2 The following scheme has been proposed for the crystal growth of Y 3 Al 5 O 12 during the solvothermal reaction in 1,4-butanediol ( Fig. 5) : first, the alkoxyl exchange reaction between aluminium isopropoxide and 1,4-butanediol occurs. In the following step, crystal growth takes place by the stepwise decomposition of 4-hydroxybutyl groups to give protonated tetrahydrofuran, leaving AlO ¹ species in the solution. Coulomb interaction between the AlO ¹ species and Y 3+ ion in the glycol solution creates a new Y OAl bond. The most important step in the solvothermal reaction is the heterolytic cleavage of the CO bond in HO(CH 2 ) n O Al<. In the case of 1,4-butandiol, this reaction is facilitated by the participation of the intramolecular hydroxyl group. The reaction in ethylene glycol cannot lead to the cleavage of the CO bond and results in the formation of an amorphous product. 35) It is known that crystal growth in hydrothermal reactions follows the dissolution-crystallization mechanism, during which defects in the crystal are repaired. On the other hand, no such mechanism exists in the solvothermal reaction for the elimination of defects. Therefore, a numbers of defects should be present in the Y 3 Al 5 O 12 synthesized by this solvothermal method. Furthermore, it is likely that the solvothermal reaction provokes a rapid crystal growth, often leading to the formation of monodispersed particles or nanocrystalline products. 36) In the following, we have investigated the photoluminescence and catalytic properties of mixed oxides synthesized by solvothermal reaction in 1,4-butanediol. Europium-doped rare earth borate emits red color and is an important phosphor material. 37), 38) It has been found that YBO 3 having a spheroidal morphology with a diameter of 1¯m can be synthesized by the solvothermal reaction of yttrium acetate and trimethoxyborane in 1,4-butanediol (Fig. 6) . 39) We have demonstrated that the addition of amines such as butylamine during the solvothermal reaction in 1,4-butanediol inhibits the crystal growth along the c axis rather than the ab plane of YBO 3 with vaterite structure, resulting in the formation of plate-like particles. 40) The luminescence chromaticity of Y 0.9 Eu 0.1 BO 3 samples synthesized by the solvothermal reaction was different from that prepared by solid state reaction (Fig. 6) ; that is, samples synthesized by the solvothermal reaction in the presence of amine exhibited a larger relative intensity ratio of the emission at 580 nm to that at 610 nm than samples prepared by the solid state reaction. These results reveal that the chromaticity depends on the anisotropic crystal growth of Y 0.9 Eu 0.1 BO 3 .
Perovskite-type mixed oxides, for example, LaFeO 3 -based materials, are known to show catalytic activity for the purification of volatile organic compounds or automotive exhaust gases. 41 ), 42) Orthorhombic REFeO 3 (o-REFeO 3 ), with the perovskite structure, is the thermodynamically stable phase, whereas hexagonal REFeO 3 (h-REFeO 3 ) with the P6 3 cm space group exists as a metastable phase. 43) We not only have found that o-and hREFeO 3 can be selectively synthesized by the combination of a suitable choice of starting materials and the addition of suitable amines as additives, 44) but also have demonstrated that the metastable h-REFeO 3 showed a higher activity for the catalytic combustion of CH 4 or C 3 H 6 than o-REFeO 3 .
45),46) Interestingly, Mn-modified YbFeO 3 with metastable hexagonal phase prepared via a solvothermal method exhibited a much higher catalytic activity for C 3 H 8 combustion at low temperatures than the conventional noble-metal catalyst, Pd/Al 2 O 3 (Fig. 7) .
47)

Conclusions
We have succeeded in improving the catalytic and photoluminescence properties of metal-oxide nanoparticles by adopting a solvothermal method in alcohol or glycol for their preparation. It is becoming clear that products synthesized by the solvothermal method have unique physical and chemical properties which cannot be achieved by using conventional synthetic methods. Hence, it is expected that in the future, the solvothermal method will be increasingly employed for the synthesis of new materials or for the development of new functions. 
